INTRODUCTION
Mycobacterium avium complex (MAC) is a common, opportunistic pathogen encountered in patients with advanced human immunodeficiency virus infection [1] . Although the major route of entry of MAC is via the gastrointestinal tract, MAC can infect humans through the respiratory tract and eventually encounter alveolar macrophages within the lung [2] . Studies with a variety of mycobacterial species have shown that once in the lung, the mycobacteria enter macrophages and are routed to a phagosomal or phagolysosomal compartment, where the organisms replicate or are killed. In the noninflamed lung, where levels of serum-derived opsonins are low, mycobacteria enter macrophages directly or interact first with soluble lung opsonins, such the surfactant-associated protein A (SP-A) [3] . In the case of a number of pulmonary pathogens, including Bacillus Calmette-Guerin (BCG), opsonization with SP-A promotes pathogen clearance by macrophages [4] .
Type II cells, nonciliated bronchiolar cells, and tracheobronchial gland cells in the lung produce SP-A [5] . From in vitro studies, SP-A binds lipid, calcium, and carbohydrate [6] . The lipid-binding characteristic of SP-A has been implicated in the role of the protein in surfactant homeostasis, and the carbohydrate-binding characteristic has been implicated in the host-defense properties of SP-A. A number of studies have shown that SP-A can bind to a variety of viral, fungal, and bacterial pathogens through its carbohydrate-binding domain [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recent studies using mice deficient in SP-A have further substantiated the importance of SP-A in host defense. These mice showed impaired clearance of Pseudomonas aeruginosa, group B Streptococcus, respiratory syncytial virus (RSV), adenovirus, and Mycoplasma pneumoniae [17] [18] [19] [20] [21] [22] . In vitro studies from our laboratory and others have shown that SP-A is involved in pulmonary host defense against mycobacterial species. First, we have reported previously that SP-A binds to BCG and enhances its entry into macrophages via a specific cell-surface receptor (SPR210) [3] . Furthermore, this enhanced uptake is accompanied by increased production of the proinflammatory mediators, nitric oxide (NO) and tumor necrosis factor-␣ (TNF-␣), which lead to increased pathogen killing [4] . In addition, Pasula et al. [12] demonstrated that SP-A promotes attachment of Mycobacterium tuberculosis to macrophages, and Gaynor et al. [23] demonstrated that SP-A could mediate enhanced phagocytosis of M. tuberculosis by human macrophages.
The intracellular mechanisms and proinflammatory mediators involved in clearance of MAC by macrophages are only beginning to be elucidated. Differences between M. tuberculosis and MAC suggest that mechanisms of host-mediated destruction of these internalized mycobacteria may be quite different. Studies by Gomes et al. [24] reported that MAC and M. tuberculosis organisms occupy distinct phagocytic vacuoles inside the macrophage, suggesting that these two mycobacteria use different entry mechanisms and/or different intramacrophage survival schemes to evade killing by the host cells. Entry of M. tuberculosis and BCG as well as MAC into macrophages results in the production of NO and TNF. Although NO has been shown to be involved in BCG and M. tuberculosis killing by rodent macrophages [25] [26] [27] , NO production does not appear to contribute to MAC killing [28, 29] , and mice lacking the inducible NO synthase (iNOS) gene actually show higher clearance rates following infection [30] . As we have previously demonstrated that SP-A enhances BCG killing through a NOdependent pathway [4] , in the current study, we examined the role of SP-A in MAC entry into macrophages, MAC-induced mediator production, and killing of internalized MAC by rat macrophages.
MATERIALS AND METHODS

Cells and reagents
MAC strain Lpr (ATCC 49601) was obtained as a gift from Dr. Douglas Kernodle (VA Medical Center, Nashville, TN). Bacterial cultures were grown in Middlebrook 7H9 medium (BBL Microbiology Systems, Cockeysville, MD), supplemented with oleic acid-albumin-dextrose-catalase (OADC) enrichment (Laboratory Supply Co., Nashville, TN) at 37ºC. Aliquots (1.5 ml) were then stored at -70ºC. Colony forming units (CFU) per ml were determined by plating serial dilutions of the bacteria onto Middlebrook agar plates.
Rat bone marrow macrophages (RBMM) were prepared as described previously [3] . After 5 days in culture, mature RBMM were replated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (Sigma Chemical Co., St. Louis, MO). The medium was changed to DMEM without serum ϳ12 h before infection with mycobacteria to limit interaction of the mycobacteria with complement components and subsequent ingestion through complement receptors. Removal of serum had no effect on cell viability.
SP-A was prepared by the butanol extraction method as described previously [6] . Briefly, 1-2 ml alveolar proteinosis fluid (a gift from Dr. Sam Hawgood, University of California, San Francisco, and Dr. Jo Rae Wright, Duke University, Durham, NC) in phosphate-buffered saline (PBS) was extracted with 25 ml 1-butanol and was then dried over nitrogen overnight. The dried protein was then suspended in HEPES buffer with 0.15 M NaCl and 20 mM n-octyl-␤-D-glucoside and centrifuged at 17,000 g, and the process was repeated. The final pellet was then suspended in 5 mM HEPES buffer with 1 mM EDTA (pH 7.5) and was incubated with polymyxin B-agarose beads (Sigma Chemical Co.). The mixture was dialyzed in the same buffer for 48 h with four buffer changes. The lipopolysaccharide content in the SP-A preparations was monitored after polymyxin treatment by the Limulus lysate assay (Associates of Cape Cod Inc., Falmouth, MA) and contained Ͻ0.05 endotoxin units/ml.
Determination of SP-A-MAC binding by enzyme-linked immunosorbent assay (ELISA)
MAC organisms (1ϫ10 6 ) in Tris-buffered saline (TBS) were added to multiple wells of a flat-bottom 96-well Immulon 2HB plate (DYNEX Technologies, Chantilly, VA) and were allowed to dry overnight under a laminar flow hood. Dried MAC remained viable as demonstrated by growth on Middlebrook agar plates (data not shown). Wells containing MAC were then blocked with TBS containing 2 mM Ca 2ϩ , 3% milk, and 0.02% Triton X-100 for 24 h. The plate was blotted dry, and SP-A in blocking buffer at stated concentrations was added for 60 min at room temperature. The wells were then emptied and washed three times for 5 min each with TBS containing 2 mM Ca 2ϩ with gentle rocking. Anti-human SP-A antibody (a gift from Dr. Jeffrey Whitsett, University of Cincinnati, OH) at a 1:10,000 dilution was then added to the wells, and the plate was incubated at room temperature for 2 h with gentle rocking. The wells were washed as described above, and an appropriate secondary antibody conjugated to horseradish peroxidase (HRP) at a 1:5000 dilution was added to the wells with incubation at room temperature for 2 h with gentle rocking. The plate was then washed for a final time, and 0.0006 mM 2,2Ј-azido-bis-(3-ethylbenzthiazoline-6-sulfonic acid; ABTS) solution in a 0.1 M anhydrous citric acid solution (pH 4.35 and 3% H 2 O 2 ) was added to the wells, followed by measurement of the absorbance at 450 nm. To quantify the amount of SP-A binding to MAC, a standard curve for SP-A binding was performed by drying known concentrations of SP-A to wells and performing the ELISA assay in the absence of mycobacteria. The amount of SP-A binding to MAC was then determined by comparing the absorbance of wells treated with MAC and SP-A with the generated standard curve. To determine specificity of binding, EDTA (10 mM) was added to the blocking buffer in place of the 2 mM Ca 2ϩ .
Measurement of MAC ingestion by rat macrophages
RBMM were plated at 2.5 ϫ 10 5 cells per well in chamber slides (LaboratoryTek) in DMEM without serum or antibiotics. MAC organisms were pelleted and resuspended in PBS. Clumps of mycobacteria were broken up by vortexing with a glass bead for 15 s. MAC organisms were incubated with SP-A at a ratio of 20 g SP-A per 5 ϫ 10 5 organisms for 30 min at 37°C. MAC or SP-A complex-MAC were then added to the cells and cells plus additions, incubated at 37ºC for 4 h. The cells were washed twice with PBS and fixed in freshly prepared 10% formaldehyde. The cells were then stained for internalized mycobacteria using auramine-rhodamine staining (Difco Laboratories, Detroit, MI), according to the manufacturer's directions. To quantify the number of mycobacteria internalized by cells, 100 cells in a random field for each treatment were counted using light microscopy, and then fluorescent mycobacteria associated with those cells were counted by fluorescent microscopy. To verify that the MAC detected by auramine-rhodamine staining were internalized and not simply bound to the surface of the macrophages, the following method was used. MAC (1ϫ10 8 MAC) were then added to cells for 4 h at 37ºC. The cells were washed twice with PBS, and fresh media containing serum was added. Prior to cell lysis and collection of viable mycobacteria, spent media was collected for NO and TNF determinations as described below. Middlebrook broth containing OADC and 0.083% sodium dodecyl sulfate was added to wells at the appropriate days to lyse the cells. The cell lysate was then transferred to microfuge tubes, and sterile 20% bovine serum albumin (BSA) was used to rinse the wells. The lysates containing BSA were then serially diluted and plated onto Middlebrook agar plates containing ampicillin at a concentration of 25 g/ml to prevent growth of other bacterial species. The addition of ampicillin to the Middlebrook agar plates did not affect the viability of MAC and gave comparable results to MAC plated without the antibiotic (data not shown). Plates were then incubated at 37ºC, and mycobacterial growth was monitored for colonies, which were counted at 7-10 days postplating.
Assay of NO and TNF-␣ production
Spent media from the colony-count assays described above were collected at the appropriate time points for assay of NO and TNF. In the cases where NO and TNF were measured within a 24-h period, MAC organisms were not washed from the cells. Previous studies in our laboratory have shown that mediator levels are comparable among cells that are treated with mycobacteria for 24 h or for 4 h with subsequent removal of bacteria (data not shown). NO was measured using the Griess reagent as follows: Medium (100 l) was added to wells in a 96-well microtiter plate. Freshly prepared Griess reagent (1% sulfanilamine, 0.1% naphthylethylene diamide dihydrochloride, and 2.5% H 3 PO 4 ; 100 l) was added to the medium and incubated for 5-10 min at room temperature. The resulting absorbance was read at 540 nm. Nitrite concentrations were determined from a standard curve using sodium nitrite. ELISA measured TNF (BioSource International, Camarillo, CA).
RESULTS
SP-A binds to M. avium organisms
We and others have reported that SP-A binds to a variety of mycobacterial species including M. tuberculosis [12] , BCG [3] , and Mycobacterium smegmatis [31] . In the current study, we investigated the binding of SP-A to MAC using an ELISA technique. Plates coated with MAC organisms were incubated with SP-A, and bound SP-A was detected after washing using a SP-A-specific antibody. As shown in Figure 1 , the amount of SP-A bound to MAC was dose-dependent, and maximal binding occurred at 20 -35 g/ml added SP-A. This interaction was Ca 2ϩ -dependent, as addition of EDTA blocked SP-A binding to MAC, suggesting that the mycobacteria bind to the lectin domain of SP-A. These results are consistent with previous findings that SP-A binds to BCG and M. tuberculosis through a carbohydrate-dependent interaction [3, 12] .
SP-A enhances ingestion of M. avium by rat macrophages
We have previously shown that SP-A enhances the phagocytosis of BCG by rat and human macrophages [3] . In the present study, the effect of SP-A on MAC uptake by rat macrophages was determined by incubation of SP-A complex-MAC with macrophages in culture followed by staining of macrophageassociated organisms with auramine-rhodamine. As shown in Figure 2A , the presence of SP-A resulted in a fivefold enhancement in MAC associated with RBMM. To confirm that the macrophages in fact internalized organisms, and they were not simply adherent to the cell surface, RBMM were incubated with MAC labeled with Cell Tracker, followed by quenching of noninternalized mycobacteria with trypan blue. Resulting cellassociated fluorescence was quantified for MAC versus SP-Aopsonized MAC. As shown in Figure 2B , SP-A enhanced internalization by approximately fivefold.
SP-A enhances M. avium-induced production of TNF and NO by rat macrophages
In our previous studies, we found that interaction of BCG with rat macrophages resulted in the release of TNF and NO, and levels of these mediators were enhanced when the organisms were opsonized with SP-A [4] . Similar findings have been reported for SP-A-enhanced mediator release following interaction of other pulmonary pathogens with macrophages including Klebsiella pneumoniae [8] and M. pneumoniae [18] . To determine whether SP-A enhanced the MAC-induced production of TNF and NO, rat macrophages were incubated with MAC or SP-A complex-MAC at a 1:1 ratio for 24 h, and the Griess method or ELISA measured NO and TNF levels in the supernatants, respectively. As shown in Figure 3 , A and B, levels of both mediators were significantly increased at 18 and 24 h by the presence of SP-A. No effect of SP-A alone was seen. At 24 h following infection, TNF and NO production were increased ϳ1.5-fold, when MAC organisms were preincubated with SP-A. Although the enhancement of NO levels was comparable with our previous findings with SP-A-BCG infection (1.8-fold increase), SP-A-mediated enhancement of TNF production by MAC was significantly lower than production in the presence of BCG (3.5-fold). The differences found between these two mycobacteria may reflect their level of resistance to these mediators during macrophage infection.
SP-A has no effect on M. avium clearance by rat macrophages
We have previously reported that SP-A enhances BCG killing by rat macrophages through a NO-dependent pathway [4] . As we found SP-A-dependent increases in MAC-induced NO and TNF production in the current study, we examined the role of SP-A in MAC survival. Macrophages were incubated with MAC or SP-A complex-MAC at a multiplicity of infection ϭ 1 for 4 h and were then washed and allowed to incubate with ingested MAC for up to 7 days. At this level of infection, very little macrophage death was seen throughout the course of the Fig. 1 . SP-A binds to M. avium organisms. MAC organisms (1ϫ10 6 ) were dried in individual wells of a 96-well plate. Wells were blocked with buffer containing 3% milk and Ca 2ϩ (2 mM) or EDTA (10 mM). SP-A in buffer was then added at increasing concentrations. The plate was incubated at room temperature for 60 min. The wells were washed extensively, and monoclonal anti-SP-A antibodies at a 1:10,000 dilution were added and allowed to incubate at room temperature for 1 h. The wells were again washed, and goat anti-mouse secondary antibodies conjugated to HRP at a 1:5000 dilution were added to the wells and allowed to incubate at room temperature for 2 h. The wells were washed a final time, and SP-A present in the wells was colorimetrically visualized by addition of ABTS solution and measurement of absorbance at 450 nm. The amount of SP-A bound was calculated from a standard curve prepared by drying known concentrations of SP-A to wells and performing the ELISA assay in the absence of mycobacteria. Results are the average Å standard deviation for triplicate determinations (for SP-A-EDTA) and are representative of two separate experiments. SP-A ϩ EDTA was performed twice in duplicate. experiment (data not shown). At daily intervals, aliquots of the supernatants were removed for TNF and NO measurements. Immediately after infection and at days 1, 3, 5, and 7, cells were lysed, and the number of MAC organisms was determined by colony count assays. Consistent with our previous study on the effect of SP-A on BCG-induced NO production over the course of 7 days, the presence of SP-A enhanced NO production by MAC (Fig. 4A) . However, although TNF levels were increased at 24 h in the presence of SP-A (Fig. 3B) , by day 7, TNF levels produced by macrophages infected with SP-A complex-MAC were significantly lower than cells infected with MAC alone (Fig. 4B) . Furthermore, MAC organisms in the presence or absence of SP-A showed continued intramacrophage growth over the 7-day period, despite the increased levels of NO (Fig. 5) . In previous studies, we found that inhibition of NO production by the iNOS inhibitor N G -monomethyl-L-arginine (NMMA) significantly enhanced intramac- rophage survival of BCG and completely blocked the increased killing seen in the presence of SP-A. However, as shown in Table 1 , when NMMA was added during the killing experiment, NO production was reduced, but no change in MAC survival was seen, suggesting that NO is not the principal mediator involved in MAC killing by rat macrophages.
DISCUSSION
Microbial invasion of the host is followed by a series of events designed to contain and resolve the ensuing infection. Firstline defense against these pathogens involves components of the innate-immune system. In the lung, alveolar macrophages are a major cellular component responsible for clearance of inhaled pathogens. In the absence of serum-derived opsonins in the noninflamed lung, clearance is dependent on macrophage surface receptors and lung-specific opsonins that participate in pathogen internalization. Recent evidence has demonstrated that soluble lung-specific lectins such as SP-A participate in the clearance of a number of pathogens [32, 33] . In the current study, we have focused on the role of SP-A in ingestion and clearance of MAC by macrophages.
In the present study, we show that SP-A binds to MAC and that there is a fivefold increase in uptake of these complexes by rat macrophages compared with MAC alone. Similar studies from our laboratory and others have demonstrated that SP-A binds to BCG and M. tuberculosis and that these complexes are taken up more avidly by macrophages [3, 12] . However, the mechanisms involved in SP-A-mediated pathogen uptake are unclear. We have suggested that binding of SP-A to BCG redirects internalization through a specific SP-A receptor (SPR210), as anti-SPR210 antibodies block ingestion [3] . However, other groups have postulated that SP-A interacts with Fig. 4 . SP-A enhances NO but not TNF production after 5 days of infection. Spent media was collected from cells infected for 0 -5 days as described in Figure 5 . NO (A) and TNF (B) levels were measured as described in Figure 3 . *, P Ͻ 0.001, for MAC compared with MAC/SP-A. Fig. 5 . SP-A does not enhance clearance of MAC by RBMM, which were incubated as described in Figure 2 . After 4 h of incubation, media was removed from all wells, cells were washed to remove extracellular mycobacteria, and fresh media containing serum was added. On days 0, 1, 3, 5, and 7, cells were lysed, and lysates containing viable mycobacteria were plated onto Middlebrook agar plates. Plates were incubated at 37ºC and monitored for colony growth at 7-10 days postplating. Results are the average of duplicate determinations within a single experiment and are representative of three separate experiments. the macrophage, and this association leads to activation and/or increased expression of a mycobacterial receptor, which allows for increased uptake. For example, Gaynor et al. [23] reported that SP-A pretreatment of human macrophages led to increased surface expression of the macrophage mannose receptor, a major receptor for M. tuberculosis. In our studies, pretreatment with SP-A did not significantly alter BCG or MAC uptake (ref. [3] ; data not shown), suggesting at least for BCG and MAC that SP-A appears to promote uptake in an opsonin-dependent manner.
The finding in the current study that SP-A enhances NO production by rat macrophages in response to MAC infection is consistent with our previous observations using BCG. SP-A has also been shown to increase NO in response to other lung pathogens including Klebsiella [8] and Mycoplasma [18] . Several groups have reported that BCG and M. tuberculosis are killed via NO-dependent mechanisms [25] [26] [27] . Recent studies using inhibitors of iNOS and iNOS knockout mice further support a role for NO in the growth inhibition of these organisms. M. tuberculosis-infected wild-type mice treated with iNOS inhibitors and iNOS knockout mice showed increased mortality and increased pathogen loads [34] . Our recent studies about SP-A-enhanced BCG clearance by macrophages through a NO-dependent mechanism further support a role for this mediator in mycobacterial clearance [4] . In the current study, we found that although SP-A increased MAC-induced NO production, ingested MAC organisms were not killed. This is consistent with in vivo and in vitro findings from several groups, demonstrating that MAC survival is not altered by NO production. Appelberg and Orme [28] reported that growth of MAC within bone marrow macrophages could be inhibited if the macrophages were treated with interferon-␥ (IFN-␥), but this restriction of growth was not reversed by the addition of iNOS inhibitors. Bermudez [35] reported similar observations. Recent studies by Doherty and Sher [29] and Gomes et al. [30] showed that growth of MAC in mice with a disrupted iNOS gene was not increased, and they suggested a negative role of NO in MAC infection. In the latter study, Gomes et al. [30] further found that iNOS-deficient mice were actually more efficient in clearing MAC.
Mechanisms involved in MAC killing are not entirely clear. Several classical macrophage-dependent antimicrobial pathways have been studied in an attempt to delineate the mechanisms underlying MAC killing. First, TNF has been implicated in M. tuberculosis host defense and may also play a role in the immune response to MAC infection [36] . MAC infection has been shown to stimulate TNF production by various cell types with varying consequences, including down-regulation of the expression of the p75 TNF receptor, as well as a temporal decrease in secreted, bioactive TNF [37, 38] . Studies by Bermudez and Young [39, 40] have implicated TNF as important in macrophage-mediated MAC killing. Recent work involving mice deficient in the p55 TNF receptor demonstrated that TNF did not affect survival of MAC but did alter the progression of chronic pathologic states [41] . In our study, we actually found decreased TNF production in the presence of SP-A after 5 days of infection. It is possible that this reduction in TNF is linked to the balance of cytokines produced by the infected macrophage, i.e., an increase in levels of cytokines that would inhibit release of TNF. This is supported by our finding of enhanced IL-10 production by SP-A complex-MAC (data not shown) and by the recent report that MAC-induced production of IL-10 by human macrophages reduces levels of released TNF [42, 43] .
Second, although we have not examined the effect of SP-A on MAC-induced superoxide production, it has been reported that most strains of MAC are not killed by superoxide anion or hydrogen peroxide [40, 44] . However, more recent reports of MAC disease in chronic granulomatous disease patients [45, 46] and the increased susceptibility of mice lacking the gp47-phox gene to MAC infection [47] suggest that reactive oxygen intermediates may play a role in early defense against mycobacterial disease.
Finally, recent studies by Appelberg and Sarmento [48] and Medina et al. [49] suggest that MAC virulence may be linked to expression of Nramp1 in tissue macrophages. The Nramp1 protein has a number of effects in macrophages, including a role as an iron transporter. Nramp1 may control intracellular microbial replication by actively removing iron or other divalent cations from the phagosomal space. A role for iron in MAC survival is further supported by the observation that MAC phagosomes in activated macrophages are not associated with the transferrin receptor, and MAC growth is inhibited [50] . The effect of SP-A on iron transport or Nramp1 expression has not been examined.
The differences in the susceptibilities of MAC and BCG to acidity may provide further insight into their different fates when associated with SP-A. Recent studies have demonstrated that MAC and M. tuberculosis were able to inhibit fusion of mycobacterium-containing phagosomes with lysosomes [51] . However, MAC and M. tuberculosis are differentially susceptible to the acidic environment of the mature phagolysosome. Using colocalization studies, Gomes et al. [24] showed that MAC was able to grow inside Coxiella burnetii-containing, preformed acidic vacuoles, and M. tuberculosis was killed. Cell-free studies have also demonstrated the relative resistance of MAC but not of M. tuberculosis to an acidic pH [52] . It is possible that SP-A redirects mycobacteria to these acidic compartments, where M. tuberculosis organisms, but not MAC, are effectively killed.
In the current study, we have described the role of SP-A in the interaction of MAC with resident, nonactivated macrophages. In the absence of macrophage-activating agents, macrophages take up MAC followed by unrestricted intramacrophage replication. It would appear that the effect of SP-A on initial infection is to actually enhance uptake and survival of MAC organisms. As the infection progresses, the surrounding macrophages become activated by IFN-␥ or other cell-derived cytokines. At this point, the effect of SP-A on MAC interaction with activated macrophages is not known. Pasula et al. [53] have recently reported that SP-A decreased NO production and increased the survival of M. tuberculosis internalized by IFN-␥-activated macrophages, suggesting that in later stages of infection, SP-A may actually contribute to mycobacterial survival. In the present study, we have shown that in the case of MAC infection, SP-A may promote survival, even at the onset of mycobacterial challenge. Therefore, although SP-A may play a major role in limiting initial challenge of M. tuberculosis and BCG as well as other pulmonary pathogens, including Kleb-siella, group B streptococcus, mycoplasma, adenovirus, RSV, and Pseudomonas, SP-A does not contribute to MAC destruction and may actually enhance safe entry and replication of MAC in lung macrophages.
